Eight enzymes involved in the conversion of acetylglutamate to arginine in Neurospora crassa were studied. The data indicate that of three enzymes early in the sequence, only the first, acetylglutamate kinase, is a nonorganellar enzyme. The next two, N-acetyl-'y-glutamyl-phosphate reductase and acetylornithine aminotransferase, are in the mitochondrion, which was previously shown to contain the subsequent enzymes: acetylornithine-glutamate acetyltransferase, ornithine carbamyltransferase, and carbamyl-phosphate synthetase A (arginine specific). The last two enzymes of the pathway, argininosuccinate synthetase and argininosuccinate lyase, were previously shown to be cytosolic. All enzymes but one have low amplitudes of repression. Their levels respond little to arginine excess and are about twofold elevated (threefold for ornithine carbamyltransferase) as a result of arginine limitation in the arg-128 strain. No restriction of the incorporation of mitochondrial enzymes into mitochondria could be detected when the levels of these enzymes were elevated. Two enzymes, acetylglutamate kinase and carbamyl-phosphate synthetase A, which initiate the synthesis of the ornithine and guanidino moieties of arginine, respectively, show the lowest specific activities in crude extract. These enzymes display special regulatory features. Acetylglutamate kinase, which has a typically low amplitude of repression, is subject to feedback inhibition. Carbamyl-phosphate synthetase A is wholly insensitive to arginine or citrulline in vitro or in vivo, but displays a very large amplitude of repression (about 60-fold). It is unique in that it can be almost completely repressed by growth of mycelia in excess arginine. These data suggest that mitochondrial localization may be incompatible with a mechanism of feedback inhibition by a cytosolic effector, arginine. Further, they suggest that the high repressibility of carbamyl-phosphate synthetase A compensates for its feedback insensitivity.
In previous studies of the regulation of arginine metabolism in Neurospora, several important phenomena were discovered. First, the bulk of the large ornithine and arginine pools was confined to an organelle, the "vesicle" (12, 16) . Second, the enzymes responsible for the synthesis of carbamyl-phosphate, ornithine, and citrulline were shown to be mitochondrial, in contrast to the cytosolic location of the last two biosynthetic and first two catabolic enzymes of arginine metabolism (15) . These points, together with others to be presented in this paper, are given schematically in Fig. 1 . Finally, an enzyme sensitive to feedback inhibition was identified as acetylglutamate kinase (2) . ' Several questions regarding the relation of regulation and compartmentation emerged from these results. (i) Where, within the cell, is feedback control exerted, and thus what fraction of the cellular arginine pool is active in this respect? (ii) What sort of control is exerted at the "entry points" of the pathway, the synthesis of carbamyl-phosphate and acetylglutamylphosphate, and what significance has this in relation to enzyme localization? We have not studied acetylglutamate synthase (acetylCoA:L-glutamate N-acetyl-transferase, EC 2.3.1.1) which contributes only catalytic amounts of acetylglutamate to the cycle; conceivably it is feedback inhibitable, like acetylglutamate kinase. (iii) What is the amplitude of repression in other steps of the pathway, and do the fractions of enzyme activities recoverable from mitochondria change upon derepression? Answers to these questions may illuminate some regulatory aspects of compartmentation without prejudging the existence of others, such as precursor transport through the mitochondrial membrane.
To answer these questions, the localization of acetylglutamate kinase, N-acetyl-y-glutamylphosphate reductase, and acetylornithine aminotransferase was investigated, and studies of the regulation of all enzymes of the pathway, including carbamyl-phosphate synthetase A, were performed.
MATERIALS AND METHODS
Materials. The strains of Neurospora crassa used were wild type 74A, the mutants arg-12' b,RlA and DFC-3 R2A (pyr-3), and the double mutant DFC-8, arg-1?RlC72 (pyr-3a, arg-1?). The latter two strains were always grown on unlimiting uridine. The arg-12 strain is prototrophic, with a normal growth rate on minimal medium, but has only 3 to 5% of normal ornithine carbamyltransferase activity in crude extracts (5) and a very low arginine pool. If grown on minimal medium, arg-1? strains yield derepressed activity for all enzymes. DFC-3 and DFC-8 are pyrimidine mutations which eliminate the carbamylphosphate synthetase of the pyrimidine path, and therefore permit simple assay of carbamyl-phosphate synthetase A of the arginine path in crude extracts. All strains were from the collection of R. H. D.
Acetyl-["C ]glutamate was synthesized and purified as described previously (4) . N-acetyl-L-glutamic--y-semialdehyde was enzymatically synthesized and purified, including separation from a-ketoglutarate, by the method of Vogel and McLellan (14) . "Glusulase," a snail gut digestive enzyme preparation, was purchased from Endo Laboratories, Garden City, N.Y. All other biochemicals were purchased from Sigma Chemical Co., St. Louis, Mo.
Cultures. One-liter exponential cultures grown in round flasks with forced air (7) were used for most work. For studies of carbamyl-phosphate synthetase, 700-ml cultures in 2,800-ml low-form culture vessels were grown on a reciprocal shaker. The latter growth method was used because carbamyl-phosphate synthetase A was difficult to detect in cultures grown by the first method. The qualitative changes in activity were the same in both conditions. Three steady-state levels of the intracellular arginine pool were established. (17) with minor simplifications: the assay of the P6O0 fraction was abandoned, and separation of microsomes from the 15,000 x g supernatant was not done after the microsomes were found to have none of the relevant enzyme activities. Sorbitol density gradient centrifugation was done as described previously (17), using succinate dehydrogenase as a mitochondrial marker.
Extraction and assays of enzymes. The extracts for assays of acetylglutamate kinase, carbamyl-phosphate synthetase A, argininosuccinate synthetase, and argininosuccinate lyase were made exclusively from freshly harvested damp mycelial pads by homogenization with sand in a porcelain mortar. For the remaining enzymes, acetone powders of mycelia as well as damp pads were used. The buffer for extraction was 0.05 M potassium phosphate (pH 7.2), with 1 mM ethylenediaminetetraacetate and 0.1% Triton X-100 in the case of carbamyl-phosphate synthetase A and 0.05 M tris(hydroxymethyl)aminomethanehydrochloride (pH 7.5) with 0.1 mM ethylenediaminetetraacetate and' 0.5 mM dithiothreitol for all the remaining enzymes. During enzyme localization work, the subcellular fractions were suspended uniformly in 10 mM potassium phosphate (pH 7.5)-l mM ethylenediaminetetraacetate with 1 M sorbitol. Subsequently the activities were solubilized by 30-min incubation with 0.2% Triton X-100. To concentrate the protein in 1 M sorbitol extracts for acetylglutamate kinase assay, precipitation was done at 50% ammonium sulfate saturation. Before the assays were performed, the enzyme preparations were passed through Sephadex G-25 equilibrated with extraction buffer.
Acetylglutamate kinase was assayed as described previously (4) . N-acetyl-y-glutamyl-phosphate reductase activity was estimated according to Vogel and McLellan (14) . Acetylornithine aminotransferase activity was estimated according to Albrecht and Vogel (1) , with the buffer changed to tris(hydroxymethyl)aminomethane-hydrochloride (pH 8.6). Acetylornithine-glutamate acetyltransferase was assayed according to Staub and Denes (11) . Carbamyl-phosphate synthetase A (glutamate-dependent activity) was assayed according to Weiss and Davis (17) , with
[14C]urea, the carbamyl phosphate derivative measured, isolated by passage of reaction mixtures through Dowex-1 OH -columns rather than by determination of urease-released ["4C]CO2. Similar determinations of ammonium-dependent carbamyl-phosphate synthesis, which reflect activity of only one of the two polypeptides of this enzyme (6), were made by substituting 60 mM NH4Cl for the standard 6 mM glutamine. Ornithine carbamyltransferase activity was measured according to Davis (5) in one-half the original volume. Argininosuccinate synthetase was assayed according to Wampler and Fairley (15) as modified by Weiss and Davis (17) . Argininosuccinate lyase was assayed according to King (9) . Enzyme activities are given in international units (micromoles/minute).
Arginine pools were extracted as described previously (12) , and arginine was determined by the method of Van Pilsum et al. (13) .
Protein was estimated by the method of Lowry et al. (10) with bovine serum albumin as a standard.
RESULTS
Subcellular location of N-acetyl-y-glutamyl-phosphate reductase and acetylornithine aminotransferase. Initial experiments with subcellular fractions showed nearly a fivefold enrichment of the particulate (organellar) fraction in the specific activities of the reductase and aminotransferase. The distribution of the total activity between the particulates and supernatant was then determined ( Table 1 ). The distributions of two known mitochondrial enzymes of Neurospora, acetylornithine-glutamate acetyltransferase (17) and ornithine carbamyltransferase (3, 17) , were used as internal controls, since the associations of mitochondrial enzymes with mitochondria are easily disrupted during isolation. In the present experiments, the reductase and aminotransferase distribute themselves very similarly to the control enzymes. The other possible control-use of cytosolic enzyme such as argininosuccinate lyase-was not used here, since previous work in this laboratory (17) showed invariably less than 3%, and usually undetectable levels, in the particulate fraction. To confirm that the sedimentable enzymes are localized in mitochondria, rather than in another organelle, sorbitol density gradient centrifugation of the particulate preparation was done. The peaks of reductase and aminotransferase activities were superimposable on the succinate dehydrogenase profile, as had been shown previously for other arginine enzymes (17) .
The possibility existed that elevation of activity by derepression (see below) is not accomplished by effective mitochondrial localization. To test this possibility, the distribution of four mitochondrial enzymes in subcellular fractions of arg-1?9, grown on minimal medium, was determined. The test is limited here, as in the previous experiments, by damage to mitochon- a Enzymes were extracted from moist mycelial pads and assayed at 25 C (enzymes 2, 5 through 8), 30 C (enzyme 1), or 37 C (enzymes 3, 4) .
" Derepression, arg-12 grown on minimal medium. cData are based on a nonsaturating concentration (2 mM) of acetylglutamate. Specific activities of enzymes in crude extracts. The specific activities of arginine enzymes in crude extracts of damp mycelia harvested from various growth conditions are summarized in Table 3 . The activities recovered from acetone powders of mycelia are usually twice those from damp pads. The highest activity is shown by the carbamyltransferase, as is the case in most organisms. The lowest activities are those of the kinase and carbamyl-phosphate synthetase A (glutamine dependent).
The effects of three different steady-state arginine pool sizes upon specific activity were investigated to determine the magnitude of repression control of enzyme levels. Arginine limitation (cellular pool about 0.1 normal) results in two-to threefold elevation of kinase activity, and that of all later enzymes except the glutamine-dependent activity of carbamylphosphate synthetase A, which is elevated 11-fold. Excess arginine has little effect on any activity except the glutamine-dependent activity of carbamyl-phosphate synthetase A, which is strongly repressed to one-fourth that of mycelia grown on minimal medium.
DISCUSSION
The results of the present study, in conjunction with previous findings, reveal some important features of organization and regulation of arginine synthesis in Neurospora. Disregarding acetylglutamate synthase (not shown in Fig. 1 ), we have found that the two convergent branches of the pathway begin with regulated enzymes: acetylglutamate kinase is feedback sensitive (4), whereas carbamyl-phosphate synthetase A is highly repressible. These properties, and the low specific activities of the enzymes in crude extracts, make them likely candidates for ratecontrolling enzymes of the system. A study in yeasts, by ingenious use of gene dosage, has established the same two enzymes as rate-controlling members of the pathway in that organism (8) . In Neurospora, the kinase is extramitochondrial. Carbamyl-phosphate synthetase A and four other enzymes subsequent to the kinase are mitochondrial, whereas the last two enzymes of the path are again extramitochondrial.
The distribution of enzymes within the cell leads to several postulates regarding the localization of intermediates (Fig. 1) . Three of them, N-acetyl-L-glutamic-y-semialdehyde, acetylornithine, and carbamyl-phosphate, willdrion if it is to be converted to the semialdehyde.
The spatial complexity of the pathway introduced by the location of the kinase suggests that we be cautious in interpreting data about localization of this enzyme. The assay for the kinase is not straightforward because of its low activity. Further, it is most easily detected after fractionation with ammonium sulfate. This procedure, apart from concentrating and somewhat purifying activity, leaves some kind of macromolecular inhibitor in the supernatant. Fractionation was performed also on subcellular fractions during the study of kinase localization. However, the experiments were not carried out quite uniformly. With the 74A strain it is likely that the particulate fraction was not solubilized before ammonium sulfate addition. Subsequently particulates may have sedimented when the ammonium sulfate precipitate was spun down. If the inhibitor was associated with particulates, it would in consequence mask a portion of the kinase activity in the crude extract and this would explain the super-recovery of kinase in the nonparticulate supernatant. The data of Table 2 do not exclude therefore the possibility that a small, but biologically significant, fraction of kinase activity is in mitochondria, masked in assays of the 74A strain by an inhibitor associated with organelles.
If, however, the kinase is extramitochondrial, as the data suggest, the significance of its location may lie in its accessibility to inhibition by arginine. It is the only early biosynthetic enzyme of the path known to be inhibited by arginine. It may well be that the arginine concentration in the mitochondrion is not representative of that in the cytosol; if the latter is the relevant control signal, cytosolic location of the feedback-sensitive enzyme might be expected. This is particularly true if repression of the enzyme is as weak as we see it here.
As a regulatory enzyme, the kinase should be tuned to the arginine concentration typical of its environment. The arginine-inhibition constant of the kinase would be indicative then of the cytosolic arginine concentration. The latter probably falls between the substrate activation threshold of arginase, 5 x 10-4 M, and the Km of arginyl-transfer ribonucleic synthetase, which is 2 x 10-5 M (12). The inhibition of the kinase takes place within that range (4) . A dependable value of Ki, however, will be available only after the process of desensitization of enzyme towards the effector is better understood (4) .
The cytoplasmic arginine concentration may also be the relevant control signal for repression and derepression. The recent study of Barthelmess et al. (2) indicates that the extent of derepression is a function of the total arginine pool but not of the pool of any of its three immediate precursors. The authors speculate that the steep sigmoidal relation observed between arginine content and repression may reflect an allosteric transition of a repressor molecule. It might as well indicate that only a small, cytosolic fraction of the total pool needs to be filled for the transition from derepression to repression.
Quite apart from the conclusions regarding the localization of the kinase, similar considerations can be applied to the glutamine-dependent carbamyl-phosphate synthetase A. This activity is mitochondrial (17) , and displays no feedback inhibition in vivo or in vitro (6) . The data on glutamine-dependent carbamyl-phosphate synthetase A suggest that control of the enzyme activity is normally exerted at another level entirely: it is unique in being almost wholly repressible by arginine. In fact, since one of the polypeptides of the enzyme is regulated like most of the other enzymes of the pathway, the entire control probably centers on the other, glutamine-binding polypeptide. It appears that the complication of segregating this enzyme from a potential feedback effector has been surmounted in evolution by improving its repressibility. Structural and detailed regulatory studies of this enzyme will be published in another communication.
